Modern antiretroviral therapy (ART) has led to a significant improvement in survival among human immunodeficiency virus (HIV)-infected individuals. 1 As life expectancy in this group has risen to almost match that of the general population, 2 non-infectious comorbidities, including chronic kidney disease (CKD) and traditional risk factors for CKD, such as diabetes and hypertension, have emerged as important challenges in the long-term management of these patients. 3, 4 Despite advances in HIV treatment, the rates of acute kidney injury and CKD in HIV-infected adults exceed those of the general population. [5] [6] [7] HIV-infected patients are exposed to a number of unique factors that are thought to put them at additional risk of kidney disease. Medication-related nephrotoxicity is a frequently encountered clinical problem. Tenofovir disoproxil fumarate (TDF), ritonavir-boosted atazanavir (ATV/r) and lopinavir-boosted ritonavir (LPV/r) are commonly implicated in patients developing new renal dysfunction whilst on treatment. 8, 9 Hepatitis C co-infection has also been reported as a risk factor for kidney disease. 10 In this patient group, CKD
is an important consideration due to its association with increased morbidity and mortality as well as cardiovascular disease. 11 The rates of HIV-infected patients requiring dialysis or kidney transplantation are also on the rise. 12 The purpose of this study was to examine data from the Australian HIV Observational Database (AHOD) to, firstly, describe the incidence of CKD and rate of loss of renal function in HIV-infected individuals living in Australia, and then to examine the risk factors contributing to CKD in this population.
METHODS

Study population
The Australian HIV Observational Database is a prospective cohort study, which was established in 1999. In brief, AHOD collects data from the routine clinical care of over 4000 HIVpositive patients at 30 treatment sites across Australia and New Zealand. This includes demographic information, ART, CD4 lymphocyte (CD4+) counts, viral load, other laboratory values, AIDS events and deaths. 13 AHOD patients were eligible for this study if they were older than 18 years of age and had at least two (for rates) or three (for predictor analysis) serum creatinine measurements from 1 April 2008 (the start of prospective creatinine data collection in AHOD) until 31 March 2016 and an initial estimated glomerular filtration rate (eGFR) greater than 60 mL/min per 1.73 m 3 (predictor analysis only). Ethics approvals were obtained from the UNSW Sydney Human Research Ethics Committee and institutional review boards at participating sites, as well as written informed consent from all patients.
Definitions
For the predictor analysis, follow-up duration was from baseline, defined as the time of the first serum creatinine measurement after 1 April 2008, until development of CKD, defined as a confirmed eGFR of less than 60 mL/min per 1.73 m 3 through two consecutive eGFR measurements at least 3 months apart, or until the last creatinine measurement during follow-up.
For the calculation of rates, baseline for each period was defined as 1 April of the first year of the 2-year-time window and patients with at least two creatinine measurements in each 2-year-period were counted.
The CKD-EPI formula was used to calculate eGFR. 14 If more than one serum creatinine measurement was taken within 28 days, the mean value and date across this period was used.
Baseline weight (for BMI), CD4+ counts and HIV viral load measurements were the closest within 180 days prior to baseline; if none were available, a value at a maximum of 30 days after baseline was taken. All variables were measured up to baseline only, except for hepatitis B and C and smoking status, which were reported for the whole study period (due to the way they are coded in AHOD), and timeupdated variables. 
Statistical methods
The rate of CKD was determined by patients with confirmed eGFR measurements less than 60 mL/min per 1.73 m 3 divided by total patients eligible for each period, stratified by key baseline characteristics. Profile likelihood confidence intervals were calculated.
Cox proportional hazards models were used to assess risk factors for CKD. Risk factors assessed include key patient demographic data and ART exposure. We assumed a linear association between antiretroviral exposure and chronic kidney disease as seen in the D:A:D study. 15 Variables with a Pvalue of 0.1 or less in the univariate models were assessed in a multivariate model. Variables with P-values less than 0.05 in the multivariate model were determined as independent risk factors. Subgroup analysis was performed on patients aged 50 and over to further examine the effect of age on CKD risk factors.
RESULTS
Of 4270 AHOD patients, 2150 (50.3%) were eligible for at least one of the above analyses. Eighty-one patients, or 4.2%, developed CKD as per the definition above, out of 1924 who had at least three creatinine measurements after baseline and had initial eGFR greater than 60 mL/min per 1.73 m 3 ( Fig. 1) . Table 1 shows baseline characteristics for 1924 patients included in the predictor analysis. There were significant differences between those developing CKD and those who did not in a number of variables. There was a greater male predominance in the CKD group (97.5%) compared to those who did not develop CKD (90.5%). The median age of CKD developers was 57, compared to the median age of 45 in non-developers. The median baseline eGFR of CKD developers was 73 mL/min per 1.73 m 3 , while for non-CKD developers it was 101 mL/min per 1.73 m 3 . Those who developed CKD began ART earlier and had longer exposure to ART compared to those who did not (median of 10 years of treatment versus 5).
The crude rates of occurrence of confirmed eGFR measurements in 2-year periods are shown in Table 2 . The overall incidence rate increased from 3.5% in the initial period (2008/2009) through each 2-year period to 6.0% in the final period (2014/2015). The rate in each period for patients under the age of 45 years was significantly lower than that of those over 60 years, ranging from 0.2% to 1.2% and 15.3% to 18.2%, respectively. More in-depth data for each 2-year period can be found in Table S2 . Figure 2 shows the mean change in eGFR over time of those who developed CKD compared to those who did not. A reduction in eGFR over time was observed in both groups, but those who developed CKD demonstrated a much more rapid loss of renal function.
Patients never exposed to TDF, indinavir (IDV), ATV/r or other ritonavir-boosted protease inhibitors (RTV) consistently had a lower rate of a confirmed eGFR less than 60 mL/min per 1.73 m 3 compared to patients exposed for 2 years or less. However, subpopulations exposed to treatment for more than 2 years did not necessarily have higher rates of CKD compared to those exposed to treatment for 2 years or less (Fig. 3) .
Of the factors associated with CKD in univariate models (sex, age, eGFR, HIV exposure category, baseline CD4+, nadir CD4+, treatment era, year of cART start, TDF, IDV, and RTV exposure) only baseline age and eGFR, and HIV exposure category remained significant in a multivariable model (Table 3) . Figure 4 further highlights the effect of age by showing that the rate of ever dropping below eGFR 60 mL/min per 1.73 m 3 dramatically increases with age. Subgroup analysis found that in those aged over 50 years, nadir CD4+ count and viral load were statistically significant additional risk factors for developing confirmed CKD (Table S1 ).
DISCUSSION
Of the 1924 patients included for analysis between April 2008 and March 2016, 81 (4.2%) developed CKD. As expected, the overall incidence rate increased over time as patients in the cohort became older and were exposed to potential risk factors for longer. Of the examined risk factors, only baseline age, baseline eGFR and HIV exposure category were statistically significant across all patients included for analysis. The highest risk of CKD in our cohort was seen in those who were aged 60 or over at baseline, with the crude incidence rate of CKD in these individuals being well above 15% during each 2-year period for the entire duration of the study. Our findings are consistent with general population data in Australia which demonstrate the highest risk of renal disease in this age group. 16 The rate of ever dropping below eGFR of 60 mL/min per 1.73 m 3 dramatically increased with age, highlighting the importance of this risk factor in both temporary as well as permanent decline in renal function.
A lower baseline eGFR was associated with a higher risk of developing CKD. A higher baseline eGFR would conceivably indicate the presence of more renal reserve to provide protection against insults such as acute illness, nephrotoxins, and development of traditional risk factors such as diabetes and hypertension. Caution must be exercised when prescribing for patients with lower eGFR, and modifiable risk factors should be actively screened for and aggressively managed. Patients exposed to HIV infection via IDU were at significantly higher risk of CKD than those exposed to HIV via sexual contact (hazard ratio 4.50 compared to homosexual contact). Those in the 'other' category, which most commonly included those acquiring HIV through bisexual or unspecified contact, or receipt of blood products, also had a higher risk overall. The reasons for the discrepancy between groups are unable to be further explored in this cohort analysis, but may relate to the different medical comorbidities and socio-economic statuses of patients in each of these categories as well as barriers to accessing preventive medicine. 17 Exposure to TDF, IDV or ATV/r, as well as duration of exposure, were associated with CKD in univariate models, but did not remain statistically significant after adjusting for other factors in multivariable analyses. Although ART as a risk factor for CKD has been described previously, 15, 18, 19 our findings reflect those from a number of studies that were The following variables did not reach a P-value of 0.1 in a univariate model: ATSI, BMI, smoking, HBV, HCV, time-updated CD4+ counts, HIV viral load at base line and time-updated, ATV/r exposure at baseline. ATSI, Aboriginal and Torres Straight Islanders; BMI, body mass index; cART, combination antiretroviral therapy; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; HBV, hepatitis B virus; HCV, hepatitis C virus; (a)HR, (adjusted) hazard ratio; IDU, injecting drug use; IQR, interquartile range; PI, protease inhibitor. Chronic kidney disease (CKD) was defined as a confirmed eGFR of less than 60 mL/min per 1.73 m 3 through two consecutive eGFR measurements at least three months apart.
unable to demonstrate a definite association. 9, [20] [21] [22] Clinical interventions not captured in this cohort potentially explain the difficulty in establishing this link. Results were almost certainly influenced by clinicians appropriately ceasing nephrotoxic medications upon noticing declining renal function, as well as selection bias with high risk patients receiving potentially less nephrotoxic treatment regimens. These clinical decisions may explain our finding that the group exposed to TDF for the longest duration had a reduced rate of CKD compared those never exposed in some of the time periods examined. Confounders such as well-documented interaction between TDF and ATV resulting in higher serum concentration of TDF and lower concentration of ATV, 23, 24 as well as the use of prophylactic co-trimoxazole amongst patients with low CD4+ counts may also play a role. The lack of a clear association in this study between ART and CKD does not negate the need for ongoing caution and vigilance when using these drugs. Low CD4+ count and high viral load have been described in the literature as risk factors for CKD. HIV-associated nephropathy (HIVAN) was previously a leading cause of CKD in the HIV-infected population and typically affected young patients, particularly those of African descent, with advanced AIDS. 25 In our study, neither of these variables were associated with CKD across the board after adjusting for other factors. This may be explained by high rates of ART uptake across the cohort and low prevalence of patients of African descent in the AHOD population. 26 Interestingly, analysis of those aged over 50 years in our study showed low CD4+ count and high viral load to be significant risk factors for CKD. These may simply be markers of overall poor health of individuals not responding to or taking treatment who are at increased susceptibility of CKD due to age and immunocompromised state, or alternatively may be a signal towards a second distinct group of patients who may be at risk of HIVAN. The previously mentioned association between HIVAN and ethnicity may partly reflect engagement in care as well as genetic predisposition. Since the AHOD cohort is generally well-engaged with healthcare, there are relatively few with unchecked viraemia and many will have received some management of traditional risk factors. The effect on the kidneys of low CD4+ count and high viral load may therefore take longer to manifest as CKD, subsequently becoming apparent only in the older patients in our cohort. Co-infection with hepatitis B and C were also not significant risk factors in our study. This may be explained by the impact of early detection through routine screening practices and more efficacious treatment options for these conditions in the modern era.
Limitations
Our analysis was limited by the inability of the AHOD study to account for some traditional risk factors. For example, blood glucose was an AHOD field, but not HbA1c or history of diabetes. Diagnoses of hypertension and proteinuria were similarly not included, and the overall recording rate of smoking was low. Our scope to perform certain analyses, such as examining renal function before and after cessation of TDF, was limited by the relatively small sample sizes.
Secondly, AHOD data are likely not fully representative of the broader HIV-positive population in Australia. While AHOD represents a notable proportion of the Australian population on treatment (>12%) 27, 28 and we believe that our data are largely representative of people living with HIV in care in Australia, deductions to the entirety of the HIVpositive population should be made with caution. In particular, the sample size of Aboriginal and Torres Strait Islander patients was small (45 patients included for analysis, with only one developing CKD). The burden of CKD in the HIVpositive Indigenous population was therefore unable to be explored.
Conclusion
This is the first study to investigate the CKD risk factors of HIV-infected individuals living in Australia using cohort data. We demonstrated that age and baseline renal function are significant risk factors for CKD in this population, mirroring trends in the general non-HIV infected population. Further research is needed to explore the reasons for patients exposed to HIV through IDU and 'other means' having a significantly higher risk of CKD than those exposed through homosexual or heterosexual contact, so that clinical care and support can be tailored for these groups. The dots represent the observed rates and the solid line is the estimated curve showing the relation between age and decrease in kidney function.
Our findings highlight that in the constantly evolving modern HIV landscape where effective therapy exists and survival is expected to continue to improve, merely achieving control of viral replication can no longer be considered optimal clinical care. These data confirm the burden of CKD among this patient group, particularly among the older demographic, which is expected to dramatically grow in the years to come. More studies are needed to assess clinical risk factors for renal disease and whether early intervention may prevent an explosion in the number of people in this population requiring dialysis or kidney transplantation.
